ABSTRACT The folding of the nucleosome chain into a chromatin fiber modulates DNA accessibility and is therefore an important factor for the control of gene expression. The fiber conformation depends crucially on the interaction between individual nucleosomes. However, this parameter has not been accurately determined experimentally, and it is affected by posttranslational histone modifications and binding of chromosomal proteins. Here, the effect of different internucleosomal interaction strengths on the fiber conformation was investigated by Monte Carlo computer simulations. The fiber geometry was modeled to fit that of chicken erythrocyte chromatin, which has been examined in numerous experimental studies. In the Monte Carlo simulation, the nucleosome shape was described as an oblate spherocylinder, and a replica exchange protocol was developed to reach thermal equilibrium for a broad range of internucleosomal interaction energies. The simulations revealed the large impact of the nucleosome geometry and the nucleosome repeat length on the compaction of the chromatin fiber. At high internucleosomal interaction energies, a lateral self-association of distant fiber parts and an interdigitation of nucleosomes were apparent. These results identify key factors for the control of the compaction and higher order folding of the chromatin fiber.
INTRODUCTION
In the cell nucleus of higher-order organisms, the DNA is wrapped around a histone protein core. The resulting protein-DNA complex is referred to as the nucleosome and represents the basic unit of chromatin (1) . The nucleosomes are connected via the intervening linker DNA and form a beads-ona-string-like structure that can associate into a fiber with a diameter of ;30 nm (1,2). The organization of this 30 nm fiber determines DNA accessibility and is therefore an important parameter for controlling gene expression (2) (3) (4) (5) . Although the structure of the nucleosome is known at atomic resolution (6) (7) (8) , the structure of the fiber and its higher order organization remain controversial, and various models for the fiber geometry are still under investigation. The so-called solenoid model was reported two decades ago (9, 10) . Since then, numerous structures were proposed and investigated (1, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) and geometrically possible fiber conformations were systematically evaluated in phase diagrams using a twoangle model to describe the nucleosome geometry (26, 27) .
A critical feature of the solenoid model is the interaction between consecutive nucleosomes on the DNA chain. This requires significant bending of the intervening linker DNA, which could be facilitated by association with linker histone H1 (28) . However, as linker DNA bending is energetically unfavorable, a number of fiber models with straight linker DNA have been proposed (29) . These include two-start fiber models, in which neighboring nucleosomes on the DNA are oriented on different sides of the fiber with their connecting linker DNA crossing the inner section so that internucleosomal contacts are made between nucleosomes at positions i and i 1 2 (24) . The experimental data currently available support the view that at least three main types of different fiber conformations exist:
i. A two-start fiber helix that can be derived from the crystal structure of a tetranucleosome particle (20) . This structure has a short nucleosome repeat length of 169 bp and was determined in the absence of linker histones. ii. A one-start helix with interdigitated nucleosomes (14, 19) as derived recently from electron microscopy studies of chromatin fibers reconstituted in vitro with longer repeat lengths (177-237 bp) and one linker histone per nucleosome (19) . iii. A two-start helix conformation with crossed-linker DNA as proposed on the basis of electron microscopy studies of native chromatin fibers extracted from chicken erythrocytes. These showed a zig-zag-like DNA backbone with a so-called nucleosome stem motif (13, 30) . In this nucleosome stem, the linker histone H5 mediates the association of the two DNA segments, leaving the nucleosome core particle over a distance of 3-5 nm before the linker DNA diverges. This type of fiber will be analyzed in further detail here, whereas the first two have been the subject of our accompanying study (16) .
A crucial parameter for assessing the stability of different fiber conformations is the interaction energy between nucleosomes, since this is the driving force for the compaction of the nucleosome chain. Based on stretching experiments of native chromatin fibers isolated from chicken erythrocytes, Cui and Bustamante determined an apparent mean interac-tion energy of ;3.4 kT per nucleosome (31) . More recently, a force spectroscopy study of nucleosome arrays reconstituted with recombinant histones reported an interaction energy of up to 10-16 kT per nucleosome (32) . Thus, the specific fiber composition could result in large differences of the nucleosome-nucleosome interaction energy. In this context, the linker histones could play an important role since full compaction of the chromatin fiber requires their incorporation at a ratio of one H1 (or H5) per nucleosome (19) . As discussed previously, the linker histone binding changes the local nucleosome geometry and neutralizes negative charges in the linker DNA (16) . In addition, H1/H5 binds cooperatively to DNA and contains at least two DNA binding sites (33, 34) . Thus, it could directly be involved in mediating DNA-DNA, DNA-protein, and protein-protein associations that stabilize the stacking of nucleosomes in a compacted fiber. Nucleosome-nucleosome interactions are also affected by posttranslational histone modifications. From atomic force microscopy studies of nucleosome arrays, an energy difference of 0.4 kcal mol À1 (equivalent to 0.7 kT) was predicted between acetylated and unacetylated nucleosomes (35) . Similar effects were observed by acetylating H4 on lysine 16, which inhibits the formation of compact nucleosome arrays, indicative of a decrease of the interaction energy between nucleosomes (36) .
Furthermore, chromatin architectural proteins, for example MeCP2, the polycomb complex, or heterochromatin protein 1 (HP1), are known to promote the condensation of chromatin (37, 38) . Results from experimental studies indicate that some of these proteins maintain lateral and longitudinal bridging of nucleosomes, which increases the internucleosomal interaction strength (37) . The magnitude of this contribution can be estimated for HP1 from its binding affinity. In vivo, the dissociation constant of HP1 to a single nucleosome is in the low micromolar range, and thus corresponds to a binding energy of ;10 kT per molecule, with HP1 being present at a concentration of ;10 mM in the nucleus (39, 40) . Since HP1 protein associates into a dimer, it could serve as a linker between two adjacent nucleosomes and stabilize their stacking interaction (37, 39) . Hence, the internucleosomal interaction in vivo is not a constant value but can be strongly modulated by histone (de)acetylation and/or the binding of chromosomal proteins over an estimated range of at least ;10 kT. Finally, it is well known that the 30 nm fiber decondenses into a beadson-a-string-like chain when lowering the salt concentration to 10 mM and below (29, (41) (42) (43) (44) . Sun et al. evaluated this salt dependence of the electrostatic energy between DNA linkers and nucleosomes in computer simulations (21) . Raising the salt concentration from 10 mM to 100 mM decreased the repulsion between DNA linkers and increased the attraction energy between nucleosomes with a total of energy difference of 54 kcal mol À1 for a 12-nucleosome array (equivalent to 2.7 kT per nucleosome). Such a salt-dependent transition from repulsive to attractive interactions between nucleosomes was also observed in small angle x-ray scattering experiments (45) .
The aforementioned findings demonstrate that the energetics of nucleosome-nucleosome interactions is an essential determinant of the chromatin fiber structure. By applying Monte Carlo (MC) simulations, a representative ensemble of chromatin fiber configurations at thermal equilibrium can be computed to evaluate the stability of a given fiber conformation. This approach has been used successfully in previous studies to investigate the salt-dependent compaction of the chain, the role of histone tails, the effect of linker histone binding, and to simulate the stretching of the chromatin fiber (11, 12, 16, 18, 21, 22, 46) . Here, MC simulations of nucleosome chains were conducted to evaluate the impact of the internucleosomal interaction strength on the folding of the chromatin fiber for chains composed of 100 nucleosomes. A nucleosome potential, which describes the nucleosome as a spherocylinder, and a replica exchange protocol were developed to reach thermal equilibrium for a broad range of internucleosomal interaction strength. The simulations were conducted with a model for chromatin from chicken erythrocytes as derived from experimental data. This model was used to investigate the influence of the nucleosome-nucleosome interaction for different nucleosome geometries and repeat lengths. The results identified the impact of the nucleosome geometry and the nucleosome repeat length on the conformation of the chromatin fiber. Furthermore, the internucleosomal interaction strength was found to be a key factor for the control of compaction and higher order folding of chromatin.
MATERIALS AND METHODS

Chromatin fiber model
The description of the chromatin fiber used here shares a number of features with a chromatin fiber model previously introduced by Wedemann and Langowski (22) : The fiber is approximated by a coarse-grained model based on the ''two-angle'' model (24) (Fig. 1 A) . According to experimental data (13, 20) , the nucleosomes are connected by linker DNA, modeled as cylindrical segments with a diameter of 2 nm. Harmonic potentials for stretching, bending, and torsion represent the elastic properties of the DNA. Due to the negative charge of the DNA, the DNA-DNA interaction is described by a Debye-Hückel-approximation (22) . The excluded volume of DNA and nucleosomes is described by a hard core potential. To consider the influence of the linker histone, a stem structure was included in the model (13, 30) . The distance c between the nucleosome center and the connection point of the linker DNA was increased to 8 nm, which results in a distance of 22 bp between the exit point of DNA at the stem and the core particle. Thus, the total nucleosome repeat length (NRL) consists of 146 bp DNA wrapped 1.67 turns around the core particle and 2 3 22 bp of DNA between the stem and the connection point at the core particle, yielding 190 bp plus the length of the linker DNA. For chicken chromatin fibers, the nucleosome repeat length is 212 bp (1) so that the length of the linker DNA is 22 bp.
Internucleosomal potentials
In previous studies, internucleosomal interactions based on hard spheres (15, 47) or ellipsoids with the Gay-Berne potential (18, 22, 46) have been used to model internucleosomal interactions. However, observations of the crystal structure of the nucleosome suggest that the shape of the nucleosome is more realistically described as a cylinder (6, 20) . To study the effect of different nucleosome shapes on fiber conformation, three shapes were investigated: spheres described by a 12-6 Lennard-Jones potential, oblate ellipsoids described by a modified Gay-Berne potential (22) , and spherocylinders described by an S-functions expansion referred to as Zewdie potential (48, 49) .
The Gay-Berne potential and the Zewdie potential are defined as 
In Eqs. 2 and 3, e 0 and s 0 scale the potential strength and the potential range, respectively. For details of the range and strength parameters of the GayBerne potential, see Wedemann and Langowski (22) . For the sphericalshaped nucleosome, the strength and range functions of the Gay-Berne potential were parameterized isotropically. The S-functions for the Zewdie (24) where the fiber is parameterized by the linker length, the opening angle a of the linker DNA, and the twisting angle b between consecutive nucleosomes. Furthermore, the presence of the linker histone was accounted for by a stem structure (13, 30) that is described by the distance c between the nucleosome center and the entry-exit point of the DNA segments. The negative charge of the DNA is described by a Debye-Hückel approximation, whereas the internucleosomal interaction is described by shifted Lennard-Jones potentials. (B) Comparison of the range parameter s (first row) and the strength parameter e (second row) for three nucleosome potential models: hard oblate spherocylinder (solid line), oblate ellipsoids described by Gay-Berne (dotted line), and spherocylinders described by S-functions (dashed line).
potential are given in Table 1 . To choose the expansion coefficients for the range and strength functions of the spherocylinders, the approach described by Zewdie (49) was used for a spherocylinder with a 5.5 nm radius and 5.5 nm height. The expansion coefficients of the shape function were determined by performing a least-square fit of Eq. 2 to this function ( Fig. 1 B, first row). Since the spatial dependency of the strength function is not known in detail, the expansion coefficients were determined by a least-square fit of Eq. 3 to the strength function of the corresponding Gay-Berne-potential ( Fig. 1 B, second row) . Since the potentials for ellipsoidal and spherocylindrical-shaped nucleosomes are anisotropic, the internucleosomal interaction strength E max is defined as the minimal energy value of two elements.
Simulation procedures
The classical Metropolis-Monte Carlo algorithm is a standard procedure to create a statistically relevant set of configurations satisfying the Boltzmann distribution (50) . An ensemble of fiber configurations that represents the thermal equilibrium distribution is referred to as trajectory. Different configurations were generated with rotation and pivot moves (51, 52) . Results of preparative simulations indicated that some structures with E max . 3 kT did not reach equilibrium even after several millions of simulation steps and that the correlation length was very high (data not shown). To avoid this problem, a replica exchange procedure was used. This is the common form of the parallel tempering procedure introduced by Swendsen and Wang to reduce the correlation times of Monte Carlo simulations of spin glasses (53) , which was subsequently applied in several studies (54) (55) (56) (57) . For the application of this approach here, M replicas of the original system were simulated simultaneously, each at a certain temperature, T i . After a defined number of MC simulation steps, the systems of adjacent temperatures (T i , T i11 ) attempted to exchange their replicas with the probability
where
, with k B the Boltzmann's constant and E i the energy of the system i. Thus, the systems simulated were heated up and cooled down in a random manner, which allowed the systems to escape from local energy minima. The performance of the replica exchange algorithm was found to depend on the selection of the number of replicas and the temperatures (58, 59) . For a fixed lowest temperature, the highest temperature must be sufficiently high to allow escape from local minima in the energy landscape. Furthermore, the number of replicas must be large enough to achieve sufficient swap probabilities among all adjacent temperatures. The feedback-optimized approach of Katzgraber et al. was utilized to determine the temperatures at a given maximum temperature (58) . This algorithm localizes computation bottlenecks, e.g., caused by phase transitions, by measuring the local diffusivity of the replica exchange simulation. Therefore, an ''up'' or ''down'' label was assigned to each replica, which indicated if a replica was currently heating up or cooling down, respectively. The label changed only if a replica had reached the opposite temperature (T 1 or T M ). From these labels, two histograms n up (T i ) and n down (T i ) for each temperature T i were derived. Before temperature swaps, the histograms were updated. For each temperature point, the fraction of replicas, which reached the minimum temperature, was determined:
f ðTÞ ¼ n up ðTÞ n up ðTÞ 1 n down ðTÞ :
Following Katzgraber et al. (58) , the optimized probability distribution for the continuous variable T was defined as
where DT ¼ T i11 -T i is the length of the interval T i , T , T i11 and C9 was chosen so that
By linear regression of the discrete values of Eq. 5, the value of df/dT was determined. The optimized temperature set fT9 i g was then found by choosing the kth temperature T9 k such that
This optimization was repeated until the temperature set converged. Since the energy distribution and therefore the local diffusivity of relaxed and nonrelaxed conformations deviated strongly, it is unfavorable to determine the temperatures during the relaxation progress. To speed up the relaxation of the conformation, a simulated annealing approach was performed (60). The resulting fiber was then chosen as the start configuration to compute the temperatures to be used in the final replica exchange simulations. The replica exchange simulations were conducted with a target temperature of 293 K. The highest temperature was chosen to allow the fiber a complete reorganization of the structure. Based on visual inspections, maximum temperatures of 550 K with 16 temperatures, 700 K with 32 temperatures, and 850 K with 64 temperatures were selected for E max values of 6, 9, and 12 kT, respectively. In simulations using the potential for spherical-shaped nucleosomes, the simulated structures exhibited compact condensed structures at E max . 0.5 kT and formed blob-like structures at higher interaction strength. In this case, the replica exchange method was already used for E max . 0.5 kT with a maximum temperature of up to 750 K for E max ¼ 1.5 kT.
Analysis parameters
The trajectories were analyzed in terms of their linear mass density, the persistence length (determined as described in Wedemann and Langowski (22)), the global shape of the chromatin chain, and the number of interdigitated nucleosomes. The linear mass density m is defined as the ratio of the number of nucleosomes N n to the contour length of the chain l c :
where the contour length l c is given by
with c i the center point of the backbone of the fiber and N c the number of calculated center points. The center points of the backbone were determined from 
N is the number of beads of the chain and the window size N w is the number of beads that are averaged at one center point. N s is the step width for moving the averaging window along the chain and R j is the center of the bead j. A window size N w of 40 beads and a step width N s of 5 beads were chosen in the analysis.
To evaluate the fiber shape, three different approaches were used:
i. The fiber shape coefficient (FSC) that describes the overlap between distant chain regions was computed. The shape of the entire chain was approximated as a series of spheres. The sphere of a region i is described by its center point c i and its radius r i ( Fig. S1 A in the Supplementary Material, Data S1). The center point is defined in Eq. 11 and the sphere radius r i of a chain region is defined as the maximum distance between the center point of the sphere and the most distant of the N w beads belonging to this sphere. The number of all beads, which are inside the sphere of the region i, is defined by in i (the N w beads defining the sphere plus possibly additional beads belonging to not directly subsequent fiber parts). The nonoverlap coefficient (noc i ) is defined as the ratio of the number of beads, which belong directly to the sphere i, to the number of all beads, which are actually inside this sphere:
Therefore, this coefficient indicates if a chain region overlaps with other regions. The noc value is 1 if the current chain region does not overlap with other regions and is ;0.5 if the number of distant beads is equal to the number of adjacent beads, which define the current region ( Fig. S1 B, Data S1). The FSC value is defined as the mean of the nonoverlap coefficient of all considered spheres. ii. A principal components analysis (PCA) was applied as described by Kepper et al. (16) . The ratio of the longest and shortest half axis of a scalene ellipsoid, which was fitted to the nucleosome center of the configuration, was determined from the eigenvalues of the covariant matrix. A spherical volume yields a PCA ratio of 1, whereas a PCA ratio .3 was used here to classify a trajectory as fiber-shaped. iii. The radius of gyration was determined to characterize the volume of the nucleosome chain according to Eq. 13:
where ñ i is the center point of nucleosome i.
The degree of interdigitation was determined from the number of nucleosomes that were incorporated in distant fiber parts. A nucleosome was marked as interdigitated if it had two neighbors, which had a minimum genomic distance of 10 nucleosomes and a maximum center-to-center distance of 8 nm to the nucleosome of interest.
Correlation lengths and number of simulation steps
To calculate the number of uncorrelated configurations and to compute errors, the correlation times were determined from the autocorrelation function as described (22) . The autocorrelation function was calculated for energy, end-to-end distance, PCA ratio, FSC, and linear mass density. The maximum autocorrelation time was calculated for a typical configuration (see below). Simulations with all nucleosome potentials and several E max values were performed and the maximum correlation length for each combination was determined. For simulations performed with replica exchange, the maximum autocorrelation time of all simulated trajectories was selected. For analysis, the first 100 statistically independent configurations were not considered to avoid a bias toward the start structure. We performed 1.5 3 10 , and 1.2 3 10 8 MC steps for E max of 1.5, 3, 6, 9, and 12 kT, respectively, corresponding to 275-500 statistically independent configurations.
Simulation parameters
The MC simulations were conducted with the parameters listed in Table 2  and Table S1 (Data S1). The elastic parameters were chosen as described by Wedemann and Langowski (22) . For the DNA, the values are based on the average of experimentally determined values of 45-50 nm DNA bending persistence length and a DNA torsion elasticity of 2.8 6 0.2 3 10 À19 J nm (61) . The elasticity of the chromatosome has not been derived from experimental studies. Therefore, values were chosen that essentially maintain the initial conformation of the chromatosome. Based on single-fiber stretching experiments, a nucleosome-nucleosome attraction energy of ;3.4 kT has been reported (31) . From previous MC simulations, an interaction energy E max of 6 kT was found to result in an effective energy E eff of ;3.5 kT between nucleosomes in the context of a tetranucleosome structure (16) , and a standard value of E max ¼ 6 kT was used here. The anisotropy of the potential was described by the ratio E lateral / E longitudinal between the interaction strength of lateral-and longitudinaloriented nucleosomes of the Gay-Berne potential and the Zewdie potential (22) . For this ratio, the value of 1/6 was chosen for E max of up to 1.5 kT, as it has been used in previous works (22, 46) . Thus, an E max value of 1.5 kT for ellipsoids and spherocylinders corresponds to e 0 ¼ 0.25 kT (see Eq.3).
Simulations with E max .1.5 kT yielded structures, with a strong tendency to fold back (data not shown). To avoid this behavior, which was caused by unrealistically high lateral attractions, this ratio was decreased to 1/12 for E max values .1.5 kT. For the parameterization of the spherical potential, E max is directly defined by e 0 .
Although the actual value of the ratio E lateral /E longitudinal has not been determined experimentally, the anisotropic parameterization of the internucleosomal potential makes the aligned stacking of two nucleosome cylinders the most stable geometry in agreement with a number of experimental studies. These include the tetranucleosome crystal structure (20) and the arrangement found in liquid crystals of nucleosome core particles (reviewed by Livolant et al. (62) ), as well as the observation of ribbon-like structures of nucleosome stacks by electron microscopy images of intact, nucleaseisolated chromatin fibers (63) and cross-linked nucleosome arrays (64) . Furthermore, determinations of nucleosome nearest neighbor distributions derived from atomic force microscopy images of nucleosome arrays yielded
TABLE 2 Parameters of the nucleosome-nucleosome potentials
Potential
Parameter/value Gay-Berne (sphere)
also evidence in support of a stacking of nucleosomes at physiological salt conditions (35, 65) .
Simulation software
The simulation program was adapted for the use of shared memory parallel architectures according to the OpenMP standard, and the replica exchange algorithm was implemented for distributed memory architectures using Message Passing Interface. The algorithm was verified with an extensive set of unit tests and tests using simplified chain models with stretching modulus only and with additional bending and torsion energies, which reproduced the expected analytical values. In addition to run-time checks and automated unit tests (22) , Polyspace for C11 and Rational Purify for Linux were used as static and dynamic code analysis tools, respectively, for error checks.
Computations were done on a Linux cluster (Intel Xeon 3.2 GHz) and on the parallel supercomputer (IBM pSeries 1.3Ghz Power4) at the North German Supercomputing Alliance (HLRN). A single simulation (without replica exchange) on a single core processor with 1 million MC steps took between ;0.75 h (Linux Cluster) and ;2 h (HLRN). Replica exchange simulations with n temperatures on n processor cores required approximately the same computation time, yielding a total of ;8 years single processor time for the simulations presented here.
RESULTS
A coarse-grained description of chromatin from chicken erythrocytes
In studies of chromatin from chicken erythrocytes, nucleosomes display a characteristic stem structure of the DNA induced by the binding of linker histone H5 (13, 30) . This structure was modeled by including an additional distance between the nucleosome center and the DNA connection point, and appropriate values for the linker DNA entry-exit angle a at the stem and the nucleosome twist angle b were chosen (Fig. 1 A) . An opening angle a of 26°led to an equilibrium value of ;35°for this parameter (22) , which is in very good agreement with the experimental reported value of ;35°f or chromatin from chicken erythrocytes under physiological salt concentration (80 mM M 1 ) (13). As NRL, the value of 212 bp was chosen according to the experimental determinations for chicken erythrocytes (1) . Since the nucleosome twist angle b has not been directly determined in the experiments, the effect of different b-values was evaluated in the simulations (see below).
A potential describing spherocylindrical-shaped nucleosomes is required for the formation of chromatin fibers at physiological internucleosomal interaction strength
The influence of different nucleosome potentials was investigated with simulations for a range of E max values for the described conformation (see above) with b ¼ 80°. With spherocylindrical-shaped nucleosomes, a folding of the nucleosome chain into stable fibers was obtained for E max up to 6 kT (Fig. 2) . Investigations of lower internucleosomal interaction strengths revealed that systems with sphericalshaped nucleosomes formed fiber structures for E max up to 0.5 kT (data not shown) and with ellipsoidal-shaped nucleosomes for E max up to 1.5 kT, whereas systems associated into aggregated structures for higher E max values (Fig. 2) .
To evaluate the differences between ellipsoidal-and spherocylindrical-shaped nucleosomes in further detail, simulations were conducted with variations of several parameters (a, b, NRL) at E max ¼ 1.5 kT, and compared with respect to the linear mass density. The differences were found to be within the statistical error (data not shown). However, the FSC value differed strongly for both nucleosome shapes.
Whereas at E max ¼ 1.5 kT both descriptions led to the formation of chromatin fibers (Fig. 2) , the spherocylindricalshaped nucleosomes appeared to yield more stable fibers ( Table 3 ). The differences between both potentials increased at higher internucleosomal interaction strength (Fig. 2 B) . Fibers with ellipsoidal-shaped nucleosomes folded back into hairpins and other structures at E max ¼ 3 kT and above (Fig. 2) , whereas spherocylindrical-shaped nucleosomes led to stable fiber structures for E max values of up to 6 kT. Since at this interaction strength neither the potential for spherical-nor for ellipsoidal-shaped nucleosomes was compatible with the folding of the nucleosome chain into a chromatin fiber, the spherocylindrical parameterized Zewdie potential was chosen for further investigations.
A replica exchange protocol is advantageous for evaluating the fiber conformation over a broad range of internucleosomal interaction energies For simulations using replica exchange, a three-step protocol was developed to yield the best results in terms of reaching thermal equilibrium with efficient use of computation time:
i. To avoid a bias introduced by the start structure, a simulated annealing procedure was performed. Starting from a straight line, 10 6 MC steps were performed at the maximum temperature. The resulting configuration was subsequently cooled down in 5 K intervals, each with 5 3 10 5 MC steps until the lowest simulation temperature of 293 K was reached. ii. In the second step, the appropriate temperatures for the replica exchange simulations were determined. The temperature set for the first replica exchange simulation was chosen by the approach of Rathore et al., which led to nearly uniform acceptance rates of temperature swaps between adjacent temperatures (59) . Then the feedbackoptimization process of Katzgraber et al. was applied to generate an optimized temperature set using preparative replica exchange simulations (see Materials and Methods) (58) . iii. For the final replica exchange simulations, temperature swaps were attempted every 2000 MC steps and acceptance rates of ;0.3 and 0.5 for the pivot and bead rotation moves, respectively, were reached. Since acceptance rates were found to be dependent on the simulation temperature, the rotation angle of both moves was chosen to be a function of the temperature.
To investigate the effectiveness of the replica exchange protocol, example fibers with E max of 6, 9, and 12 kT were simulated with and without this protocol. The analysis of the energy of each fiber trajectory showed that in particular at E max . 6 kT, lower energy was obtained with the replica exchange protocol as compared to 5 3 10 7 Metropolis-MC simulation steps (Fig. 3) . Moreover, inspection of the resulting three-dimensional (3D) structures at 9 and 12 kT indicated that the configurations simulated with standard Metropolis-MC did not fold into fiber structures. Blob-like aggregates as well as chain parts external to the folded fibers were observed (see visualizations in Fig. 3 ). Whereas at E max ¼ 6 kT many simulations with standard Metropolis-MC yielded the same results as the replica exchange protocol, some did not reach thermal equilibrium even after 5Á10 7 simulation steps (Fig. 3) . Furthermore, simulations of already relaxed systems at E max . 6 kT yielded higher correlation lengths and these systems did not perform transitions to other structures (e.g., from hairpins to fiber structures) as observed for replica exchange simulations (see below). This indicates that the systems were not able to overcome barriers in the energy landscape.
Nucleosome twist angles in the range of 40-120°r eproduce the conformation of the chicken chromatin fiber
To evaluate the effect of the twist angle b between consecutive nucleosomes, b was systematically varied in the range of À180-180°in steps of 20°. The results demonstrated a direct dependence of fiber conformation on b (Fig. 4, and Figs. S2 and S3, Data S1). The FSC values indicated the formation of fiber structures in the range of 40-120° (Fig. 4) . The linear mass density had a maximum of ;4.8 nucleosomes/11 nm fiber at b ¼ 120°. The PCA ratio was highest at ;5.7 for b ¼ 60°and the fiber diameter had a minimum of ;30.5 nm at b ¼ 100° (Fig. S3, Data S1 ). For further investigations of the chicken chromatin fiber conformation, a b-value of 100°was selected, which resulted in a high linear mass density (;4.6 nucleosomes/11 nm fiber), a fiber-like conformation with ;30 nm diameter, a FSC value of ;1, and a PCA ratio of 5.3.
Since the linker length of native chromatin fibers displays variations of 1-3 bp around an average value (1), the twist angle b is likely to vary significantly according to the helical twist of DNA of ;36°per basepair. Accordingly, simulations were conducted with a Gaussian distribution of b-values between each nucleosome pair. Five simulations, each with standard deviations s of 0°(constant b), 10°, 20°, and 30°, were performed for E max values of 1.5, 3, and 6 kT. For all simulations, the persistence length displayed a strong decrease with a broadening of the b-distribution and dramatically smaller, but significant, reduction of the PCA ratio and the radius of gyration were apparent ( Table 4) . The other analysis parameters remained essentially unchanged for E max # 3 kT. However, at E max ¼ 6 kT, the FSC value decreased and the number of interdigitated nucleosomes increased somewhat (Table 4 ; Fig. S4 , Data S1). Linker DNA length and twist angle affect the conformation of the chromatin fiber at thermal equilibrium
The influence of the linker DNA length on the fiber conformation was examined by varying the NRL value in 1 bp steps from 202 to 222 bp. To account for the helical twist of the DNA, the value of b was increased by 36°per basepair added to 212 bp and decreased by 36°per basepair for a shortening of the repeat length. The simulations were performed with E max values of 1.5, 3, 6, 9, and 12 kT. Due to the large amount of computational time needed for simulations with E max . 6 kT, only three NRL values (206, 212, and 216 bp) were evaluated at these interaction strengths. The simulation results indicated peaks for the linear mass density and the radius of gyration at distances of ;10 bp (Fig. 5) . For the linear mass density, a Simulations for E max of 9 and 12 kT were conducted with a ¼ 26°, b ¼ 100°, and NRL ¼ 212 bp, and for E max ¼ 6 kT with a ¼ 26°, b ¼ 160°, and NRL ¼ 212 bp. The replica exchange simulations were prepared by simulated annealing simulations (dashed blue line marks the end of these simulations). At E max ¼ 6 kT with replica exchange (16 temperatures, green curve) and with standard Metropolis-MC (black curve), the equilibrium was not reached even after 5 3 10 7 MC steps. However, for the replica exchange simulation with 32 temperatures, the equilibrium was reached after ;2 3 10 7 MC steps (red curve). At E max ¼ 9 kT, the replica exchange simulation with 32 temperatures (red curve) led to a significant lower energy than with standard Metropolis-MC (black curve). At E max ¼ 12 kT, the structure simulated with standard Metropolis-MC (black curve) did not reach equilibrium even after 5 3 10 7 MC steps, whereas the structure simulated with the replica exchange protocol (red curve) already reached equilibrium after the simulated annealing simulation (;1.9 3 10 7 MC steps). In addition, visualizations of the resulting fibers after 5 3 10 7 MC steps revealed for simulations with standard Metropolis-MC at E max of 9 and 12 kT the formation of blob-like aggregates as well as chain parts external to the folded fibers, whereas simulations with replica exchange yielded fiber-structures, which were in some cases folded, e.g., to hairpins. maximum at an NRL of 211 bp and a minima at 206 and 216 bp were found. For E max values of 1.5 and 3 kT, the FSC value (;1) and the numbers of interdigitated nucleosomes (;0) were independent of the NRL. Chains simulated with E max $ 6 kT yielded higher variations of the FSC value, the radius of gyration, and the numbers of interdigitated nucleosomes (Fig. 5) .
Depending on the nucleosome repeat length, different types of fiber typologies occurred, which were all in a crossedlinker DNA conformation ( Fig. 6 ; supplementary VRML files, Data S2). The characteristics of these structures were pronounced at E max $ 6 kT. Visual inspection of the trajectories revealed the formation of a right-handed three-start helix at NRL values of 202 and 212 bp ( Fig. 6 ; Data S2; not all NRLs shown). At NRLs where the linear mass density achieved minima, a left-handed two-start helix with little twist (''parallel ribbon'') was detected. At NRLs .214 bp, the fibers were more irregular and adopted two-start helix structures.
The strength of the nucleosome-nucleosome interaction directs fiber compaction, fiber conformation, and higher order folding Observation of the linear mass density in dependence on the internucleosomal interaction strength for an NRL of 212 bp indicated that the linear mass density increased continuously with E max (Fig. 7) . The decrease of the radius of gyration was indicative of a higher order folding of the chromatin fiber for E max . 6 kT. The 3D visualizations supported this conclusion, since chains with E max # 6 kT folded into fibers, whereas chains with E max . 6 kT folded also into hairpins or more compacted structures ( Fig. 6 ; Data S2). At an NRL of 206 bp, a two-start zig-zag ribbon conformation was adopted, which displayed much less interwinding of the two stacks of nucleosomes than the other fibers ( Fig. 6; Data S2) . At E max ¼ 9 kT, this fiber conformation exhibited self-associations of nucleosome arrays like hairpins and multiple folded arrays, both with interdigitated nucleosomes, and at E max ¼ 12 kT multiple folded and helical wrapped arrays were observed ( Fig. 6 ; Data S2). For NRL ¼ 216 bp and E max . 6 kT, structures with selfassociated nucleosome arrays formed, which were characterized by interdigitated nucleosomes.
DISCUSSION
Due to its important function in controlling DNA accessibility for molecular biological processes, the theoretical description of the chromatin fiber organization has been the subject of a number of studies (11, 12, 15, 16, 18, 22, 26, 27, 46, (66) (67) (68) (69) . In this work, the influence of the shape and strength of the nucleosome-nucleosome interaction potential on the folding of chains of 100 nucleosomes into a chromatin fiber was investigated at thermal equilibrium. To evaluate simulations over a broad range of interaction energies, a replica exchange protocol was developed, which improved the sampling of chromatin fibers in the MC simulations considerably. A local nucleosome geometry was examined that reproduced features of chromatin isolated from chicken erythrocytes. The ability of the chain to compact into a chromatin fiber was assessed by computing the linear mass density and its shape. The latter was quantitated by calculating FSC, PCA, and by computing the radius of gyration. Fiber-shaped structures were characterized by FSC values $0.9, a PCA ratio of longest/shortest axis .3, and a radius of gyration .45 nm (Figs. 4-6 ; Figs. S2 and S3, Data S2).
The influence of the nucleosome-nucleosome interaction potential on the conformation of the chromatin fiber
In the MC simulations, different nucleosome-nucleosome interaction potentials corresponding to different nucleosome shapes (spheres, ellipsoids, and spherocylinders) were compared. Spherical-shaped nucleosomes resulted in fiber struc- tures for E max # 0.5 kT (data not shown) and blob-like aggregates at higher interaction strength (Fig. 2) , in agreement with previous simulations by Katritch et al. (15) . In that study, similar compact irregular structures were found at interaction strengths .1 kT. Chains with ellipsoidal-shaped nucleosomes adopted stable fiber structures for E max up to 1.5 kT (Fig. 2) . The stability of these fibers was strongly dependent on the length of the linker DNA (Table 3) , which is in agreement with previous results (22) . Mergell et al. used ellipsoidal-shaped nucleosomes in the simulation of stretching single chromatin fibers and observed more compact structures like hairpins for nucleosome interaction strengths of up to 4 kT (18), in good agreement with the results reported here (Fig. 2) . Spherocylindrical-shaped nucleosomes led to stable fiber structures for E max up to 6 kT and higher (Figs. 2 and 6 ). Recent investigations of the effective interaction energy of stacked nucleosomes indicated that the experimental measured interaction strength of 3.4 kT (31) was obtained with E max ¼ 6 kT (16). In the context of the chromatin fiber, other (energetically unfavorable) terms like DNA bending and electrostatic repulsion counteract the formation of nucleosome arrangements, in which the E max value is reached. It is concluded that for the potentials and geometries investigated here, only the potential describing spherocylindrical-shaped nucleosomes is compatible with the formation of fiber-like chromatin structures in the regime of effective interaction energies of .2 kT that is physiologically the most relevant. This becomes even more important if one considers a potential stabilization of the nucleosome stacking due to a saturating linker histone content (19, 32) or binding of additional chromosomal proteins (37) (38) (39) (40) 70) so that values of up to 10-16 kT might be reached, as discussed above.
Recently, cylindrical nucleosome descriptions have also been used for computer simulations of chromatin fibers as well as investigations of phase diagrams by analytical approaches (26, 69) . In the study by Cinacchi et al. (69) , the energetics of nucleosome-nucleosome interactions were also described with a Zewdie potential to study the folding of nucleosome chains. The results are in good agreement with experimental data of liquid crystals of nucleosome core particles and support a two-start helical organization of the fiber in the absence of linker histones in a conformation that is similar to that found in the tetranucleosome (20) .
The coarse-grained description of the nucleosome developed by Schlick and co-workers uses a so-called surfacecharge optimization model (DiSCO) (11, 12, 21) . In this model, the cylindrical shape of the nucleosome is implicitly included via the spatial distribution of charges that were di-FIGURE 5 Linear mass density, FSC value, radius of gyration, and number of interdigitated nucleosomes as functions of the NRL for E max of 1.5 (black diamond), 3 (blue diamond), 6 (red diamond), 9 (green square), and 12 kT (black circle). Error bars indicate the 95% confidence interval of the mean values. The model determined for chromatin from chicken erythrocytes (a ¼ 26°, b ¼ 100°, and NRL ¼ 212 bp) was investigated for NRLs varied in one basepair intervals. The value of b was increased by 36°for each basepair added and decreased by 36°for each basepair removed. The linear mass density and the radius of gyration yielded maxima in ;10 bp periodicity for all E max values. For E max # 3 kT, the FSC value and the number of interdigitated nucleosomes were independent of the NRL. Higher E max values indicated crucial changing of all parameters but the linear mass density, which increased slightly with E max .
rectly derived from the nucleosome crystal structure. The DiSCO model has been applied successfully for investigations of the salt-dependent compaction of oligonucleosomes and the role of histone tails in mediating internucleosomal interactions (11, 12, 21) . Visualizations of 12, 24, and 48 oligonucleosome arrays show somewhat more irregular fiber conformations than those observed in most of the trajectories evaluated here (11, 21) . The reasons for these differences remain to be elucidated but are likely to be related to the absence of linker histones in the simulations reported so far for the DiSCO model.
From the systematic analysis of the fiber stability conducted here, it can be concluded that the cylindrical shape of the nucleosome potential as well as the strength and orientation dependence of the interaction between nucleosomes are important parameters for controlling the folding of the chromatin fiber. The local nucleosome geometry studied here was chosen to fit experimental findings for chromatin fibers from chicken erythrocytes with 212 bp NRL. For this conformation, two-and three-start helices with crossed-linker DNA were found to be most favorable up to E max ¼ 6 kT, whereas at higher interaction energies other conformations were present ( Fig. 6; Figs. S2 and S4 , Data S1).
Features of chicken erythrocyte chromatin fibers inferred from the MC simulations
The twist angle between consecutive nucleosomes cannot be directly retrieved from the experimental analysis of chro-FIGURE 6 Visualization of simulated structures for E max values between 1.5 and 12 kT. The nucleosomes are colored by their position in the chain (first is white, last is red) and the DNA segments are colored blue. The model determined for chromatin from chicken erythrocytes (a ¼ 26°, b ¼ 100°, and NRL ¼ 212 bp) was investigated for NRLs varied in one basepair intervals. The value of b was increased by 36°for each basepair added and decreased by 36°for each basepair removed. At E max $ 6 kT with NRL values of 202 and 212 bp, a right-handed three-start helix conformation with crossed DNA linker occurred, whereas other NRLs led to a left-handed two-start helix (e.g., at the minima of the linear mass density). NRLs . 214 bp exhibited more irregular structures. Depending on the NRL and E max , self association of distant fiber parts was apparent. Systems with an NRL of 212 bp and E max . 6 kT exhibited fiber structures, which were sometimes folded to hairpins, whereas for NRL ¼ 206 bp, a ribbon-like structure folded back into several different superstructures with oval or helical backbone shapes. At NRL ¼ 216 bp and in part at 206 bp, interdigitation of nucleosomes was apparent with several kinds of structures. For 3D visualization of the fiber, see the supplementary VRML files (Data S2). matin fibers from chicken erythrocytes, in contrast to the value of the entry-exit angle a (13). Accordingly, a range of b-values was studied in the simulations reported here (Fig. 4; Figs. S2 and S3, Data S1). A value of ;100°was found to yield a stable fiber conformation, in a good agreement with the experimental data as well as previous MC simulations (22, 46) . The linear mass density reached a maximum of ;5.1 nucleosomes/11 nm fiber for NRL ¼ 212 bp with E max ¼ 12 kT (Fig. 7) and ;5.8 nucleosomes/11 nm fiber for NRL ¼ 202 bp with E max ¼ 6 kT (Fig. 5) . This is close to the experimentally determined value of 6-7 nucleosomes/11 nm fiber for chicken chromatin (13, 41, 42) . At an NRL value of 212 bp, a fiber diameter of 30 nm was obtained (Fig. S5 , Data S1), as measured for chromatin from chicken erythrocytes at physiological salt concentration in several studies (17, 41, 42, 63, 71) . Since the nucleosome repeat length of native chromatin is not exactly constant but varies by 1-3 basepairs (1), simulations of Gaussian distributed b-values were also performed. The results indicated that the overall fiber conformation changed only moderately but revealed a softening of the fiber, as apparent from a reduction of its persistence length (Table 4 ; Fig. S4 , Data S1). This behavior is similar to previous results obtained at lower nucleosome-nucleosome interaction strength (22) . The impact of local variations of the NRL was also addressed by Bešker et al. in investigations of the nucleosome packing energy for local variations of the NRL for bulk chromatin around the value of chromatin from chicken erythrocytes for different nucleosome geometries (68) . It was found that the stem motif, which has been used in this work, is the most favorable and that conformations with nearly equal NRL values between adjacent nucleosome pairs yielded minima of the nucleosome stacking energy.
The persistence lengths determined here were between 50 and 100 nm for an NRL of 212 bp and different widths of the Gaussian nucleosome twist angle distribution centered around b ¼ 110° (Table 4) . Previously, values of 49 nm (22) and 40-50 nm (46) were reported for similar fiber geometries and NRLs between 212 and 205 bp, respectively. The somewhat higher values derived here are likely to reflect differences in the shape and orientation dependence of the nucleosome interaction potential. The results of all three studies are well within the rather broad range of 30-220 nm determined experimentally for the chromatin fiber persistence lengths (72) .
Simulations, in which the NRL and the corresponding twist angle b were varied, demonstrated the large effect of this parameter on the stability of the fiber and a ;10 bp periodicity ( Fig. 5; Fig. S5 , Data S1). The latter is consistent with NRLs found in natural sequences (73) , the experimental analysis of chromatin fibers reconstituted in vitro (19) , and previous MC simulations of other fiber types (16) . For the fiber conformation studied here, mass density and fiber diameter changed continuously with the NRL at the maxima at 202, 212, and 222 bp ( Fig. 5; Fig. S5 , Data S1). This is in agreement with investigations of chromatin from different tissues by x-ray scattering and electron microscopy (74) . In contrast, the results from Robinson et al. obtained with reconstituted chromatin fibers revealed a nearly constant fiber mass density and diameter below an NRL of 207 bp with a transition between 207 and 217 bp to a fiber structure with higher mass density and diameter (19) . Thus, the compatibility with certain NRLs appears to be a characteristic feature of different fiber types. It might also be a crucial parameter to induce transitions between different fiber conformations. This is evident from the simulations conducted here. Chains with NRL values of 202 and 212 bp yielded a right-handed three-start helix with crossed-linker DNA ( Fig. 6; Data S2) . Upon changing the nucleosome repeat length, the three-start helix transformed into a two-start helix with a zig-zag ribbon motif, which has also been found in experimental studies of native chromatin from chicken erythrocytes (13, 63, 71, 75) and by computer simulations of chromatin (69) . It remains to be examined in further detail if the observed three-start helix conformation at NRL ¼ 212 bp would be compatible with electron microscopy data like, for example, those reported by Dorigo et al., for which a two-start zig-zag ribbon motif has been proposed (64) .
NRL values .214 bp were found to yield more irregular structures (Figs. 5 and 6 ). This effect can be explained by higher electrostatic repulsion of longer linker DNA (76) and its larger flexibility, and is similar to recent results from MC simulations of different chromatin models (16) . As concluded by Kobori et al. from atomic force microscopy investigations of chromatin unfolding processes, longer linker requires the binding of linker histones to form higher-order chromatin (76) . This is in agreement with results from MC simulations of the tetranucleosome structure without linker histone, which exhibited more irregular structures by increasing the linker length. If linker histones are present, fiber structures for NRLs up to 214 bp can be found (Figs. 5  and 6 ).
Experimental studies have revealed breaks in the zig-zaglike backbone of chicken chromatin fibers (63) , with the ribbon-like conformation in some cases being restricted to short parts of the fiber, whereas other regions appeared to be rather irregular (17, 71) . Based on topological models of chromatin fibers, this was explained by NRL variations between consecutive nucleosomes (24, 71) . The results obtained here suggest that these structural changes could also result from differences in the strength of internucleosomal interaction in certain parts of the native fibers. Recently, all-atom structures were reported for fibers with NRLs from 177 to 237 bp in a 2-5 start-helix conformation and with varying handedness (23) . In the latter study, a transition from left-or right-handed three-start helix structures to right-handed twostart helix structures was described that was induced by increasing the NRL from 197 to 207. Furthermore, one-, two-, and three-start-helix conformations were found for different combinations of the entry-exit-angle, twist-angle, and linker length by MC simulations (69) . Our results support the view that such a transition would not only be compatible with the topological constraints of the nucleosome chain, but could also be energetically favorable.
The impact of the internucleosomal interaction strength on the compaction and higher order folding of chromatin
The simulated fibers with NRLs , 214 bp exhibited a relatively tight nucleosome stacking ( Fig. 6 ; Data S2) consistent with a number of experimental and modeling studies (16, 19, 20, 23) . However, in the experimental analysis of chromatin from chicken erythrocytes in vivo and in situ by various imaging-based approaches, the conformational variability of this parameter seems to be significant (13, 44, 63, 71) . In some of the structures, the nucleosome chain appeared relatively open with distances between neighboring nucleosomes that appeared to be larger than those found in the tetranucleosome crystal structure, which is likely to represent a bona fide energetically favorable arrangement of two nucleosomes in close contact (20) . For a fixed b-value, the linear mass density increased linearly with E max up to ;5.1 and ;5.8 nucleosomes/11 nm fiber for NRL values of 212 and 202 bp, respectively (Figs. 5 and 7) . Since any increase of the distance between nucleosomes is likely to further reduce the fiber mass density, it is concluded that the degree of nucleosome stacking observed in the simulations is required to reach the compaction of the chromatin fiber observed under physiological conditions (13, 41, 42) . Recent investigations of reconstituted nucleosome arrays yielded surprisingly high mass densities of ;12-;15 nucleosomes/11 nm fiber (19) . From inspection of the electron microscopy images of these structures, their folding appears to be different from that of native chicken chromatin fiber fragments (13, 44, 63, 71) .
The abrupt change of the radius of gyration and the FSC value at E max between 6 and 9 kT (Figs. 5 and 7) are indicative of a higher order folding of the chromatin fiber. Self-association of chromatin fibers has been reported to increase the apparent fiber diameter from ;45 nm up to 100-200 nm as reviewed recently by Horn (77) and Grigoryev (78) . In the MC simulations, different types of self associations were observed depending on the fiber topology ( Fig. 6 ; Data S2). The three-start helix at NRL ¼ 212 bp persisted in most cases as a fiber structure and folded back into hairpins, whereas the structures at NRL ¼ 206 bp yielded complex folds with oval or helical backbone shapes. From experimental data, it is known that the higher order folding of chromatin is controlled by the linker histone and the so-called chromatin architectural proteins, like for example the linker histone, HP1, and MeCP2 (37,38). As described above for HP1, these proteins are likely to increase the internucleosomal interaction strength considerably so that values are reached that are similar in magnitude to the higher E max values used here. In addition, the salt dependence of the chromatin fiber compaction as well as the effect of posttranslational histone modifications support the view that the nucleosome interaction strength can be modulated over a rather broad range.
Interestingly, fibers with NRLs of 206 and 216 bp exhibited interdigitation of nucleosomes (Figs. 5 and 6; Data S2). A similar result was obtained for variation of b in the interval from À80°to 20° (Fig. S3, Data S1 ), where interdigitated nucleosomes were often found at the start and endpoint of chromatin loops. Experimental evidence for interdigitated nucleosome arrangements is based on in situ studies of chicken erythrocytes (71) , investigations of heterochromatin (see Grigoryev (78) and references therein), and the electron microscopy analysis of reconstituted chromatin fibers (19) .
CONCLUSION
Chromatin represents a highly complex supramolecular system that can adopt a variety of conformational states depending on its constituting components. The use of MC simulations is ideally suited to evaluate its differential organization in thermal equilibrium by taking advantage of our detailed and increasing knowledge of the nucleosome as the building block of the chromatin fiber. Here, the effect of the shape and the strength of the nucleosome-nucleosome interaction potential was evaluated, whereas in the companion article in this issue, the effect of different local nucleosome geometries was investigated in further detail (16) . Taken together, these two studies link distinct local nucleosome properties to strikingly different fiber conformations that have been observed in experimental studies (13, 19, 20) . In vivo, transitions between these fiber structures could be induced by the binding of linker histones or other chromosomal proteins (HP1, MeCP2, HMGN, etc.) or by posttranslational modification of core histones. The formation of various fiber conformations is likely to translate also into differences in the higher-order folding of chromatin fibers on the length scale of 0.1-1 Mb of DNA, for which various models have been proposed (79, 80) . Interestingly, the simulations conducted here with chains of 100 nucleosomes (;20 kb DNA) revealed some differences in the folding of the fiber that become apparent at higher nucleosome-nucleosome interaction strength. To extract more detailed information about the interactions among different domains of the nucleosome chain, it is planned to extend the MC simulations to the length scale of 500-1000 nucleosomes (or 100-200 kb DNA). These fibers are significantly longer than the persistence length of the fiber, and it is anticipated that a comparison of different fiber types will lead to further insight into the factors that govern the higher order folding of the chromatin fiber.
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The effect of the internucleosomal interaction on the folding of the chromatin fiber Gaussian-distributed around 100° with a 1σ-width of 0° (constant beta), 10°, 20° and 30°. At higher distribution width the structures exhibited a more irregular structure and were more often bended.
FIGURE S5. The fiber diameter as a function of the NRL for E max of 1.5 (black diamond), 3 (blue diamond), 6 (red diamond), 9 (green square) and 12 kT (black circle). Error bars indicate the 95% confidence interval of the mean values. The chicken chromatin conformation was investigated for NRLs varied in one base pair intervals. The value of β was increased by 36° for each base pair added and decreased by 36° for each base pair removed. The fiber diameter indicated minima in a distance of ~10 bp at 202, 212, 222 bp with ~24, ~30 and ~44 nm, respectively.
